Abstract word count: 248; Manuscript word count: 5964 (excluding title page, abstract, 11 acknowledgement, legends and references)
Abstract

27
Previously, we showed that neurons in the SupraOculomotor area (SOA), known to 28 encode vergence angle in normal monkeys, encode the horizontal eye misalignment in 29 strabismic monkeys. The SOA receives afferent projections from the caudal fastigial 30 nucleus (cFN) and posterior interposed nucleus (PIN) in the cerebellum. The objectives 31 of the current study were to investigate the potential roles of the cFN and PIN in (1) 32 conjugate eye movements and (2) binocular eye alignment in strabismic monkeys. We 33 used unilateral injections of the GabaA agonist muscimol to reversibly inactivate the cFN 34 (4 injections in exotropic monkey S1 with ~4° of exotropia; 5 injections in esotropic 35 monkey S2 with ~34° of esotropia) and the PIN (3 injections in S1). cFN inactivation 36 induced horizontal saccade dysmetria in all experiments (mean 39% increase in 37 ipsilesional saccade gain and 26% decrease in contralesional gain). Also, mean 38 contralesional smooth-pursuit gain was decreased by 31%. cFN inactivation induced a 39 divergent change in eye alignment in both monkeys with exotropia increasing by an 40 average of 9.8° in S1 and esotropia decreasing by an average of 11.2° in S2 (p<0.001). 41 Unilateral PIN inactivation in S1 resulted in a mean increase in the gain of upward 42 saccades by 13% and also induced a convergent change in eye alignment, reducing 43 exotropia by an average of 2.7° (p<0.001). We conclude that cFN/PIN influences on 44 conjugate eye movements in strabismic monkeys are similar to that postulated in 45 normal monkeys and cFN/PIN play important and complementary roles in maintaining 46 the steady-state misalignment in strabismus.
47
Introduction
49
Strabismus is a condition in which the visual axes of the two eyes are not aligned 50 (von Noorden and Campos 2002) . Exotropia is a form of strabismus in which the visual 51 axes diverge and esotropia refers to strabismus where the visual axes converge. In 52 developmental strabismus, a breakdown in binocular vision during the critical period for 53 visual development likely leads to a cascade of neural events eventually resulting in 54 misaligned eyes (Boothe et al. 1985; Helveston 2000) . It is estimated that as many as 4% 55 of all children in the US have strabismus, yet there is lack of understanding of the 56 mechanisms leading to strabismus (Govindan et al. 2005; Lorenz 2002; von Noorden and 57 Campos 2002). Specifically, it is not clear which areas of the oculomotor system play a 58 role in the generation and maintenance of the state of strabismus. increase of esotropia in up-gaze compared to down-gaze (Guyton and Weingarten 1994; 65 Urrets-Zavalia 1955). A V-pattern is an increase in exotropia or reduction in esotropia in 66 up-gaze compared to down-gaze. A Dissociated Vertical Deviation (DVD) refers to a 67 vertical deviation wherein the strabismic eye is always elevated compared to the 68 fixating eye (von Noorden and Campos 2002) . In previous studies we showed that we (Das 2009; 2007; Das et al. 2005; Das and Mustari 2007) . We also 74 showed that there is a direct correlation between the neural activity in the horizontal 75 and vertical motoneurons and the state of horizontal and vertical misalignment (Das and velocity in normal non-human primates (Mays 1984; Mays et al. 1986; Zhang et al. 1991; 84 Zhang et al. 1992) . We showed, in strabismic monkeys, that cells in this area encode the 85 strabismus angle, viz. the difference in horizontal position between the two eyes (Das 86 2012). Thus, in animals with exotropia (divergent form of strabismus), 'near response' 87 cells in the SOA showed increased neuronal activity when the angle of exotropia was 88 small and reduced neuronal activity for larger angle of exotropia, whereas the 'far The objectives of the current study were two-fold. One objective of this study 93 was to further examine the potential neural substrates involved in the maintenance of 94 the strabismic state by examining structures that project to the SOA and also play a role 95 in binocular control. The SOA receives direct projections that are primarily contralateral 96 from the cerebellar nuclei -the caudal fastigial nucleus (cFN) and the posterior 97 interposed nucleus (PIN) (May et al. 1992; Zhang and Gamlin 1998). Neurophysiological 98 and clinical studies also show that the cFN/PIN complex plays a role in vergence eye 99 movement control and control of eye accommodation (Gamlin 2002; 1999; Gamlin et al. 100 1996; Robinson and Fuchs 2001; Versino et al. 1996) . The cFN could play a role in 101 convergence while the PIN could play a role in divergence 102 Zhang and Gamlin 1998). Given the purported role of the cFN and PIN in binocular 103 control in normal monkeys and that the SOA is implicated in strabismus, the goal of this 104 study was to examine the possible role of the cFN and PIN in maintenance of strabismus 105 in the strabismic monkeys. Muscimol inactivation of the cFN in normal monkeys 106 produces a significant horizontal saccade dysmetria and smooth-pursuit deficits and 107 inactivation of the PIN produces a vertical saccade dysmetria (Goffart et al. 2004;  108 Robinson et al. 1993 Robinson et al. , 1997 Robinson 2000) . Therefore another objective of the study 109 was to investigate the effects of muscimol inactivation of the cFN/PIN on saccade and 110 smooth-pursuit eye movements (conjugate eye movements) in the strabismic monkeys.
111
Some of these data have appeared before in abstract form (ARVO 2012; SFN 2012) . 
Methods
Subjects and surgical procedures
115
The subjects for this experiment were two strabismic juvenile rhesus (Macaca 116 mulatta) monkeys, one with exotropia (S1) and the other with esotropia (S2).
117
Strabismus was induced using a daily alternating monocular occlusion (AMO) method 118 that disrupted binocular vision during the developmental critical period (Tusa et al. 119 2002). Briefly, within 24hrs of birth, an occluding contact lens is placed in one eye. On 120 the following day, the occluding lens is transferred to the fellow eye. Thereafter the 121 occluded eye is alternated on a daily basis for the first four months of life. After the 122 special rearing, the monkeys are allowed to grow under normal viewing conditions till 123 they are ~4 years old before commencing neurophysiological and behavior experiments.
124
Refer to our previous publication for properties of strabismus in AMO monkeys (Das 125 2009; Das et al. 2005) .
126
Sterile surgical procedures performed under aseptic conditions using isoflurane 127 anesthesia (1.25%-2.5%) were used to stereotaxically implant a head stabilization post 128 (Adams et al. 2007) . In a second surgery, we implanted a recording chamber that was a Statistical analysis was performed in SigmaPlot 11.0 using a parametric paired t-test 169 (before and after muscimol injection) with a significance value of 0.05 unless data were 170 non-normal in which case a non-parametric Wilcoxon signed-rank test was used. showed an average 30% increase and S2 showed an average 48% increase in ipsilesional 259 saccade gain (ranges: S1 6% -46%; S2 28% -67%). Also, S1 showed an average 37% 260 decrease and S2 showed an average 18% decrease in contralesional saccade gain (range: 261 S1 4% -53%; S2 7% -27%). Prior to injection of muscimol into the right cFN, S1 showed an exotropia of ~-3° (Fig   295   4A ). Approximately fifteen minutes after injection of muscimol, exotropia in this 296 experiment increased to ~-7° (Fig 4B) . Prior to injection of muscimol into the right cFN, 297 S2 had an esotropia of ~37° (Fig 4D) . The esotropia decreased to ~25° following injection 298 of muscimol (Fig 4E) . To illustrate the change in exotropia or esotropia more clearly, inactivation was to increase angle of exotropia in S1 (strabismus angle is more negative 302 in Fig 4C) and to reduce angle of esotropia in S2 (strabismus angle is less positive in Fig   303   4F ). This amounts to a divergent change in strabismus angle in both monkeys (post-304 inactivation data is below pre-inactivation data in both 4C and 4F reflecting an increase 
A/V-patterns and DVD
342
In this study, we observed a small A-pattern in the exotrope (S1), a small V-343 pattern in the esotrope and a DVD only in the esotrope (S2). 379 We successfully inactivated the PIN in the exotropic monkey (S1) three times. 380 We attempted to inject muscimol in the PIN of the esotropic monkey (S2) but were 381 unsuccessful due to lack of behavioral co-operation from the monkey post-injection.
Effect of Muscimol Inactivation of the PIN on saccade behavior
382
A previous study by Robinson (2000) showed that PIN inactivation in normal 383 monkeys induces a small change in vertical saccade gains. We found a similar result in 384 the strabismic monkey (Figure 7) . Across the three PIN injections in S1, we observed a 
Effect of Muscimol inactivation of the PIN on exotropia
396
Inactivating the PIN induced a reduction in exotropia in monkey S1. Figure 8   397 shows a section of raw data recorded while the monkey made horizontal saccades. 
Effect of cFN and PIN inactivation on saccadic and smooth-pursuit eye movements
457
Lesions of the cFN produce a characteristic hypermetria of ipsilesional saccades 458 and hypometria of contralesional saccades, in normal monkeys (Goffart et al. 2004; 459 Robinson et al. 1997; Lewis and Zee 1993; Sander et al. 2009 ). cFN lesions in monkeys also produce an 461 increase in gain of ipsilesional pursuit and decrease in gain of contralesional pursuit 462 (Robinson et al. 1997 ). An experimental lesion of the ventrolateral PIN in normal of 0.6±0.2, gains that are very similar to those measured in our study (Fig 2) . Vertical 472 saccade dysmetria following PIN inactivation are smaller in the normal monkey (increase 473 in gain of upward saccades of only about 12%). We found the same in the strabismic 474 monkey (Fig 7) . Also reproducible in the strabismic monkey was an ipsilesional fixation 475 offset following cFN inactivation that has been proposed as due to influence of the cFN 476 on the rostral superior colliculus (Guerrasio et al. 2010 ). These findings indicate that 477 sensory strabismus does not strongly disrupt the neural circuitry through which the 478 cerebellar nuclei influence saccades and smooth pursuit. cortical areas known to be important in saccades, smooth-pursuit and vergence (Giolli et 490 al. 2001; Stanton et al. 1988a; b) . The cFN/PIN receives a direct (smaller) input from the 491 NRTP bilaterally (Noda et al 1990) . There is also an ipsilateral feedback projection to the 492 cFN and PIN from the supraoculomotor area (SOA) (May et al. 1992) . The efferent 493 connections from the FN and PIN are also diverse. Specifically with respect to binocular 494 control, there is a direct connection from the cFN and PIN to the contralateral SOA that 495 in turn projects monosynaptically to the medial rectus motoneurons (May et al 1992) . 496 Together with the ipsilateral feedback connection from SOA to the cFN/PIN, this might 497 form a motor pathway that is the substrate for normal eye alignment (Figure 10 ).
498
Maldevelopment of this circuit could lead to the motor component of eye misalignment.
499
Note that the signals from the cFN/PIN or the SOA must also make their way to the 500 abducens nucleus so that the medial and lateral recti can act in push-pull, but this These neurons are related to the near response, with increased firing during 508 convergence eye movements and near accommodation .
509
"Vergence" and "eye movement" neuronal populations may overlap significantly as one 510 report indicated as much as 63% of the vergence related neurons are also saccade 511 sensitive . Microstimulation in some areas of the FN induces 512 convergence eye movements (Murakami et al. 1991) . Unlike vergence neurons in the 513 cFN, vergence neurons in the PIN are related to the far response, i.e., increase their 514 activity during a divergence eye movement (Zhang and Gamlin 1998) . Also unlike the (Hoyt and Good 1995; Versino et al. 1996; Williams and Hoyt 1989) . All 526 these properties are also observed in our strabismic monkey model (Das et al. 2005; Fu 527 et al. 2007) . Another study described a patient with damage to the superior cerebellar 528 peduncle (carrying output of cFN and PIN) who presented with a large exotropia and 529 complete lack of vergence eye movements suggesting that vergence tone could be 530 mediated by cFN/PIN pathways (Ohtsuka et al. 1993) . Experimental midline 531 cerebellectomy (removal of vermis) in monkeys, in addition to saccade and smooth-532 pursuit deficits, also produces incomitant esodeviation, disconjugate eye movements 533 and disruption of phoria adaptation (Takagi et al. 2003; Takagi et al. 2000; . 534 Inactivation of the cFN using muscimol reduces the size and speed of convergence 535 . However no static misalignment was found in this same study 536 (personal communication; Dr. Paul Gamlin) . 
